Presented herein is the performance of a pontoon-type wave energy converter (WEC) similar to that of the 'Floater Blanket' WEC, which consists of a grid of interconnected floating elements. The current WEC design takes into account the elastic deformation of the structure under wave action and investigates its efficiency in generating wave energy as compared to its counterparts that achieve this via rigid body motions. The power take off (PTO) systems are installed at the seabed and attached to the WEC to generate energy via the vertical motions of the WEC's structural modules. Three types of pontoon-type WEC designs are investigated, i.e. with hinges, with a reduced number of hinges and without hinges. In addition, the influence of the flexibility of the structural modules towards the energy generation is also investigated in order to assess its performance when behaving like an elastic material. The pontoon-type WEC's structural modules with fewer or without hinge connections are preferable due to their ease in installation, while allowing for flexible deformation in the structural design would yield savings in material cost.
INTRODUCTION
Ocean wave energy is considered as a concentrated form of solar energy with an attractive feature of high energy density. However, systems to harvest utility-scale electrical power from ocean waves present a great challenge. Despite the large variation in concepts of wave energy converters (WECs), there remains no clear consensus on the optimal designs. The cost, survivability, and power quality are the major obstacles.
The present work advocates a WEC design, seeking to overcome the current obstacles in wave energy technologies. The new idea, namely a pontoon-type wave energy converter (WEC), which is similar to the Ocean Grazer WEC [1] [2] , consists of a grid of interconnected floating elements, with each element being connected to an individual PTO unit. The major difference is that the current design takes into account the elastic deformation of the structure that may potentially increase its survivability and reduce its construction cost. An Ocean Grazer WEC consists of ten hinged floating elements has been investigated numerically via both time domain [3] and frequency domain models [4] . Their results demonstrated that a WEC system with multiple oscillators can efficiently extract wave energy over a broad range of energy-dense wave periods by adapting the configuration of oscillators. The limitation of these studies was that the floating elements were considered as rigid bodies and, therefore, the hydroelastic effects were omitted. It is thus interesting to investigate the influence of the flexibility of the structural modules towards the energy absorption.
Numerical modelling of pontoon-type WEC systems can borrow the established approaches from other offshore engineering fields, i.e. pontoon-type very large floating structures (VLFSs), in which hydroelastic effects are significantly important. A comprehensive literature survey on hydroelastic analysis of pontoon-type VLFS can be found in [5] . In those models, the VLFSs usually consist of multiple linked standardized modules. Each module is considered as an elastic (isotropic/orthotropic) thin plate 2 Copyright © 2018 by ASME with free edges. For example, Gao et al. [6] adopted a modal expansion method to investigate the hydroelastic response of VLFS with a flexible line connection; Loukogeorgaki et al. [7] proposed a three-step numerical analysis to investigate the hydroelastic performance of a mat-shaped floating breakwater consists of a grid of flexible modules; Yoon et al. [8] investigated hydroelastic effects on floating plates with multiple hinge connections. Their results indicated that applying hinge and semi-rigid line connections can effectively reduce the hydroelastic response of the VLFS as well as the stress resultants. Their models can be easily extended for pontoon-type WEC investigation by adding a cluster of PTO forces into the motion equations.
The pontoon-type WEC is not the first WEC concept that takes into account the hydroelasticity. Several deformable WECs have been proposed recently, such as a piezoelectric WEC [9] and a rubber tube WEC [10] , and researchers have developed the numerical and mathematical models to assess their performance. Renzi [11] developed a mathematical model of a submerged elastic plate with damping, in order to understand the hydroelectromechanical-coupled dynamics of a piezoelectric WEC. Babarit et al. [12] performed a numerical investigation on a tube WEC made of electroactive polymers. The model was simplified as a submerged elastic tube. The preliminary results showed very good agreement with the experiment. Another recent work by Tay [13] investigated the energy generation from an anti-motion device of VLFS by attaching a rotational PTO at the hinge. Although these new WEC concepts are still under investigation and require great research efforts, development of these models has improved the state-ofthe-art of numerical modelling of WECs.
The present work focuses on the performance of a novel pontoon-type WEC when subjected to regular waves of different frequency. The effect of elastic deformation of the structure is taken into consideration in assessing the power generation of the WEC and these results are compared with their counterparts governed by the rigid body motion. In addition, the influence of the numbers of connected modules towards the power generation are also studied. The details of the cases considered in this paper are presented in the next section.
PROBLEM DEFINITION
Referring to Fig. 1 , we consider pontoon-type modules each with a length , width and depth connected to each other by using ( − 1) line hinge connectors. Each module is an isotropic elastic material with a Young's modulus and mass density . The plate floats in a draft and on a constant water depth of . When connected together, the pontoon type WEC has a total length dimension = × , breadth and depth . A total constant number of PTO systems, each with a constant PTO damping , are installed at the seabed and attached to the WEC to generate energy via the vertical motions of the WEC's structural modules (see Fig.  1 ). The PTO system is spaced at an equal interval of 12 in the horizontal direction ( −axis) and 8 in the transverse direction ( − axis) as shown in Fig 1(A) , therefore making a total number of = 99 PTO systems as shown in Figs  1(A) to (C) .
The pontoon-type WECs considered in this paper are shown in Table 1 . Referring to Table 1 values are considered to demonstrate the elastic deformation and rigid body motion. Also, it is to be noted that the total number of PTO systems are kept the same ( = 99) for all the WECs considered here in order to ensure a fair comparison of the performance of the WECs.
The regular wave with a wave amplitude 2 and wave frequency is assumed to approach the WEC at the head sea direction. The structural, PTO system and wave properties considered in this paper are summarized in Table 1 .
In order to facilitate the discussion, the pontoon-type WEC will be referred to by their Group and Types as summarized in Table 1 . For example, a Group 1 -Type A WEC would refer to the pontoon-type WEC with = 120m and = 12. 
MATHEMATICAL FORMULATION Assumptions for Water-Structure Model
Water Domain The usual assumption that the water is a real fluid based on potential theory is applied here, where the water is assumed to be inviscid, incompressible and its flow is irrotational. Based on these assumptions, the fluid motion may be represented by a velocity potential Φ( , , , ). We consider the water to oscillate in a steadystate harmonic motion with the circular frequency = 2 / . The velocity potential Φ( , , , ) could be expressed into the following form (2) [14] and the boundary conditions on the surfaces as shown in Fig. 1 .
These boundary conditions are given as follows [14] :
where n is the unit normal vector to the surface S. The wave velocity potential must also satisfy the Sommerfield radiation condition at the artificial fluid boundary at infinity [14] .
where and are the standard wave number and incident velocity potential as found in [15] .
The Laplace equation (2) together with the boundary conditions (2) to (7) on the surface are transformed into a boundary integral equation (BIE) by using the Green's 2 nd Theorem via a free surface Green's function given in [6] that satisfies the surface boundary condition at the free water surface , the seabed and at infinity  S . Hence, only the wetted surface of the side and bottom of the floating body, and , respectively, need to be discretised into panels so that the boundary element method could be used to solve for the diffracted and radiated potential. For details on the Green's function used in solving the BIE , refer to [6, 15] .
Structure Domain
The pontoon-type WEC on the other hand is modelled as a solid plate with thickness ℎ by using the Mindlin thick plate theory [16] [17] [18] . The solid plate is assumed to be perfectly flat with free edges and the plate material is commonly assumed to be isotropic and obeys Hooke's Law. Similar to a VLFS, the structure is moored on site by a station keeping system and is restrained from moving in the horizontal -plane directions and only allowed to move vertically. Hence, the motion of the WEC could be described by the deflection   
where , and are the bending moment, twisting moment and shear force, respectively. and denote the tangential and normal directions to the section of the plate, respectively.
It is to be noted that the articulated plate anti-motion device is also modelled as a solid plate subjected to the same governing equations (8) to (10) and boundary conditions (11) to (13) .
Continuity Equations for Hinge Connector with PTO System
The interconnected WEC modules are hinged as shown in Fig. 1 . The continuity equations for the interconnected plate at the hinge connector with PTO damping located at = 0 are 
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The power take-off (PTO) system is attached at the connector to convert the kinetic energy of the interconnected plate due to wave action to stored potential energy. This is modelled as damper along the line hinge connector, i.e. -axis at = 0 with PTO damping value .
Equation of Motion for Water-Plate Model
The coupled water-structure problem is solved by using the coupled boundary element-finite element scheme, where the Laplace equation together with the water boundary conditions are solved using the boundary element method whereas the plate equation and its boundary conditions using the finite element method. Due to space constraints, details of the solution scheme are not presented here, but interested readers can refer to these details in [15] . By using the modal expansion method for the plate deflections, the decoupled equation of motion of the water-structure problem can be written as
, is the mass, the flexural stiffness, the shear stiffness and the restoring force. The added mass , radiated damping and exciting force can be found in [6] and will not be presented here due to its lengthy derivation. The equations can be further transformed into the matrix form to be solved using the finite element method. The typical matrix of an interconnected node in the hinge connector is presented as follow (20) It is noted here that for each node along the line connector, there will be five degrees of freedom, namely , + , + , − and − . The positive (+) and negative () signs denote the right hand side and left hand side of the node in the line connector.
Generated Power from Anti-Motion Device
The vertical motion of the structural displacement calculated from (19) can be used to compute the generated power using Eq. 
The generated power is then expressed as capture width (see Eq. 22) by normalising with the wave power resource in order to quantify the efficiency of the anti-motion device in generating wave energy.
The has to be as large as possible for the WEC to be effective in generating wave energy. The wave power resource in (22) 
where is the mass density of sea water, the gravitational acceleration, the wave period and the significant wave height. Figure 2 shows the capture width for Group 1, 2 and 3 pontoon-type WECs when subjected to regular waves of wave frequency ranging from 0.1 to 1.6 rad/s. For each group of pontoon-type WEC considered in Fig. 2 , the capture width of the WECs with different values are further compared, where = 12, 6, 4 and 1 correspond to Type-A, B, C and D as summarized in Table 1 . In addition to that, two different Young's Moduli are considered to investigate the effect of rigidity towards the performance of the WECs. By focusing on the Group 1 pontoon-type WEC where = 120 , the results in Fig. 2(A) show that the of the WECs is the same when = 12 and 6 for different values. However, there is a significant difference in the between = 0.2 and 200 as reduces to 4 and 1, with the case with smaller having a larger value, thus suggesting that the deformation of the pontoon-type WECs contributes to greater power generation. It is to be noted that the effect of is significant here only when is reduced, as a smaller value of translates to each individual module having a longer (see Fig. 1 ) and hence greater structure deformation under wave action. Likewise, similar results could be observed in Fig. 1(B) and 1(C) for = 240 and 360 , respectively. It can also be seen clearly that in Figs. 1(B) and 1(C), the effect of structure deformation towards the is obvious even when = 6, due to the larger for each individual module being connected in the pontoontype WEC. , it can be seen that the increases with the increase of , suggesting that more energy could be generated when multiple modules are hinged together. However, it is possible to generate greater energy from the structural deformation of each individual module even when is small (see for example, Fig. 1 (B) and (C), when = 1, 4 and 6, where is greater when = 0.2 ). It is interesting to note that when becomes smaller, it is possible to generate greater energy from the flexible pontoon-type WEC as compared to their counterparts with more connectors. This finding denotes a significant savings cost due to shorter installation time and connector numbers as well as material cost. This is due to the fact that the WEC could be manufactured with less material to allow for flexible deformation provided that the stress resultants on the structure are within the stipulated allowable stress values to ensure safety and robustness. Similar trends could be observed when the power absorbed by the pontoon-type WEC is plotted in Fig. 3 . The values of in Fig. 3 are obtained by multiplying the obtained in Fig. 2 with the wave power resource (22) .
RESULTS AND DISCUSSION
In order to clearly observe the influence of rigidity towards the of the WECs, . It can be seen clearly that the flexible deformation of the WEC, i.e = 0.2 results in a significantly larger value as compared to their rigid counterparts. The highest value of for flexible pontoon-type WEC is found to be shifted to a higher frequency as compared to its counterpart of the rigid pontoon-type WEC. This shows that the flexible pontoon-type WEC is able to generate greater energy when excited at its higher order vibration modes. This phenomenon is evidenced from Fig. 5 that shows the maximum deflection taken along the centerline of the pontoon-type WEC when excited at its peak frequency. By comparing the deformation of the flexible pontoon-type WEC, it can be seen that the WEC that deforms in higher order vibration modes corresponds to higher as shown in Fig. 4 . For example, the case when = 6 in Fig. 5 (B) has a higher due to the WEC deforming elastically at its higher order vibration modes. This results in more energy being generated from the elastic deformation of the structure. 
CONCLUSIONS
This paper presents the performance of a novel pontoontype WEC that utilizes its elastic deformation behavior in generating electricity from wave energy. The capture width and power absorbed of the pontoon-type WEC under the influence of different structure lengths, number of hinge connectors and rigidity are investigated. It was shown that more energy could be generated when the pontoon-type WEC motion is governed by its hydroelastic response as compared to its rigid body motion. In some cases, it was found that the flexible (smaller ) pontoon-type WECs with fewer hinge connectors are able to generate greater energy as compared to their rigid counterparts with higher number of hinge connectors. This significant finding indicates that substantial cost savings could be achieved as less material and fewer connectors are needed in the design of the pontoon-type WEC, which, at the same time, is able to generate greater energy. In addition to that, a smaller amount of hinge connectors can facilitate easier installation of pontoon-type WECs. For future work, the performance of the pontoon-type WEC under random wave conditions has to be considered and the uniform PTO configuration applied in the present pontoon-type WEC, which could be further optimized using optimization schemes such as the genetic algorithm method [22] .
